Abstraet--Authigenic kaolinite and illite are important diagenetic minerals in the Magnus Sandstone, a giant oil reservoir in the northern North Sea. These clay minerals, separated from three wells, show considerable ranges in their oxygen isotopic composition (618OsMow = + 9 to + l 6%o) and hydrogen isotopic composition (fiDsMow = --55 to --105%). The variations in 618 O and 6D are positively linearly correlated with a high degree of statistical significance for both kaolinite and illite:
INTRODUCTION AND GEOLOGICAL SETTING
The Magnus oilfield is located in North Sea blocks 211/12 and 211/7, 160 km northeast of the Shetland Islands (Figure 1 ) within the Magnus Province of the East Shetland Basin. The reservoir is comprised of Upper Jurassic subarkosic turbidite sandstones, deposited as a prograding submarine fan within the Kimmeridge Clay Formation (De'Ath and Schuyleman, 1981; Shepherd, 1991) . The oil source rocks for the reservoir are the organic-rich Kimmeridge Clay Formation mudstones. During the early Cretaceous, there was tectonic uplift, tilting, and resultant erosion of the crest of the Magnus structure, with meteoric water penetrating the sandstones (De'Ath and Schuyleman, 1981; Emery et aL, 1990a; Macaulay et aL, 1992a) . Subsequently, a seal was formed by a one kilometer or so thickness of Upper Cretaceous muds and marls. There was rapid subsidence until the late Tertiary, and the reservoir is now at its maximum burial depth with present-day bottom hole temperatures of 115~ (Shepherd, 1991) .
Aspects of the diagenesis of the Magnus Sandstone have been dealt with by various workers. The general Copyright 9 1993, The Clay Minerals Society diagenetic sequence and pore fluid hydrologic regime have been discussed by Macaulay et al. (1992a) and the carbonates treated in detail by Macaulay et al. (1993) . Of particular relevance to the present paper are the illitic clay study by McHardy et al. (1982) , and the discussion by Emery et al. (1990a) --following De'Ath and Schuyleman (1981)--of potassium feldspar dissolution and kaolinite precipitation. Relationships between variations in kaolinite morphology and stable isotopic ratios (5180, ~D) are presented in Macaulay et al. (1992b) . These authors suggest that, whereas the major phase of kaolinite precipitation occurred at around 80~ the diagenetic illite grew later and likely formed at about 100~ (Kantorowicz, 1990) .
The purpose of the present paper is to demonstrate that for both illite and kaolinite in the Magnus Sandstone, there is a statistically significant positive correlation between blsO and ~D; and to discuss the significance of these observations for the formation water regime, under the assumption of isothermal growth at the temperatures suggested above. For an integration into the diagenetic evolution, the reader is referred to Macaulay et al. (1992a) . The data used here form a subset of those reported in Macaulay et al. (1992a) , namely samples for which both 6t80 and 6D are available.
ANALYTICAL METHODS
Samples were consistently collected close to the base of turbidite beds from reservoir units that are present in all three wells. Sandstone core samples (~500 g) were gently disaggregated and organic matter destroyed by oxidation with 10% hydrogen peroxide (Jackson, 1979) . Fe-oxides and hydroxides were removed using the citrate-bicarbonate-dithionite method of Mehra and Jackson (1960) and carbonates by reaction with sodium acetate-acetic acid solution buffered at pH 5 (Jackson, 1956 ). After thorough washing in deionized water, standard gravity settling and centrifuging techniques described by Jackson (1979) were employed to separate the clays into size fractions ranging from 20-10, 10-5, 5-2, 2-1, 1-0.5, 0.5-0.1 and <0.1 #m. Calgon was added to prevent flocculation, and the various size fractions were again thoroughly washed in deionised water. Resulting kaolinite and illite separates were selected for isotopic analysis after checks by XRD and SEM to ensure mineralogical purity (> 95%) and that any possible contamination, particularly by detrital quartz, feldspars, and mica, was volumetrically insignificant for the purposes of isotopic analyses.
Oxygen was liberated from approximately 10 mg samples of purified kaolinite or illite by reaction with flU3 (Borthwick and Harmon, 1982) in nickel reaction vessels at 650~ The oxygen was purified and reduced to COz using a vacuum extraction line similar to that described by Clayton and Mayeda (1963) . The oxygen yield was determined by comparing the starting weight All isotopic data reported are in %0 relative to SMOW. Estimated precision (ls) is +_0.2~ for 6~80 and 2%0 for 6D.
2 The data are a subset of those presented in Macaulay et al. (1992a) .
of mineral with the number of micromoles of gas produced. A VG-SIRA 10 mass spectrometer was used to analyse the CO2 with a working standard calibrated against international standards; NBS 28 gives 6~sO = 9.6~/~.
Hydrogen was extracted (30-50 mg samples) by heating samples under vacuum to release bound hydrogen, mostly as water vapour. Water was then converted to hydrogen by reaction with hot uranium. Samples were placed into platinum crucibles that had previously been heated under vacuum to 1500~ for > 3 hours, and the sample + crucible was evacuated and degassed at 120~ overnight prior to hydrogen extraction. The hydrogen produced was delivered to a mercury manometer by a Toepler pump and the yield determined by comparing the starting weight of mineral with the micromoles of gas produced. The extracted hydrogen was analyzed using a VG Micromass 602B mass spectrometer, with a working standard calibrated against international standards; NBS 30 gives 6D = -65%0. Figure 2 . Cross-section through the Magnus oilfield indicating the locations of the three wells discussed. The distance from 211/12-1 to 211/12a-9 is about 3 km. The Magnus sandstone lies between the Upper (UKCF) and Lower (LKCF) Kimmeridge Clay Formations, beneath the mid-Cretaceous unconformity (after Macaulay et al., 1992a) .
RESULTS AND DISCUSSION
of twenty-three illite and kaolinite separates from three Magnus wells separated by a total distance of 3 km laterally ( Figure 2 ). The first well (211/12-t) is taken to be representative of the crestal region of the structure; the second (211/12a-M 1), just off crest, is similar in many respect to the first. These two contrast in some ways (see Macaulay et al., 1992a) with the third well (211/12a-9) which represents conditions downdip. The maximum difference in depth of the Magnus sandstone amongst the three wells studied is 400m; for a thermal regime controlled by conduction this corresponds to a temperature difference of 12" to 18~ (Carstens and Finstad, 1981) . The data are plotted on a conventional 6~80-6D di-, agram in Figure 3 . Also plotted in this (eg Sheppard, 1986) and plotted this as SW. The A-lines for kaolinite (AK) and illite (A0 have been constructed using mineral-water oxygen and hydrogen isotope fractionation factors (a TM and a D) suggested by Savin and Lee (1988) . The present-day meteoric water line MWL 0D = 86180 + 10; Craig, 1961) is also indicated in Figure 3 . Meteoric water in the northern North Sea region has been estimated to have had ~80 -6 to -7%0 (Hamilton et al., 1987) during the late Jurassic-early Cretaceous. Support for the concept that the global meteoric water line would have had a slope of around 8 also at that time comes from the data spanning the Devonian to Tertiary in Fallick et al. (1985) . Therefore, a point at (-7, -46) to represent average Cretaceous meteoric water has been plotted. Note also that different points on the MWL are almost indistinguishable from mixtures of seawater and more isotopically depleted meteoric fluids. It can be seen from the data plotted in Figure 3 and given in Table 1 that there are reasonable linear correlations of positive slope for both illite and kaolinite:
Illite: 6D = 5.9 fi180 -159; n = 11; r = 0.78 which is significant about the 99% confidence level.
Kaolinite: ~D = 6.1 6180 -169; n = 12; r = 0.66 which is significant above the 95% confidence level.
Pooling all 23 data into one population gives a correlation significant above the 99.9% confidence level. The good correlations of oxygen and hydrogen isotopic values in both kaolinites and illites contrast strongly with, for example, the isotopic values of kaolinites and 10 ~ clay minerals (illite, illite/smectite) reported by Longstaffe and Ayalon (1990) from Cretaceous sandstones in Alberta, Canada. In this latter case a relatively constant 6D was observed despite a considerable range in 6180; furthermore, hydrogen isotopic compositions were in equilibrium with present formation waters. It was reasonably concluded (Longstaffe and Ayalon, 1990 ) that hydrogen isotope re-equilibration had occurred by post-precipitation isotope exchange. Wheth-er the Magnus data reflect original precipitation values or continually evolving values remains open to question. For four of the illite samples for which 8~sO data exist for two size fractions, and for three of the four kaolinite samples, the 6~sO values decrease with decreasing size fraction. Lee et al. (1985 Lee et al. ( , 1989 suggested that the youngest illite formed will always be at the end of filaments extending into pore space and, therefore, be the finest grained. Hamilton et aL (1992) , however, point out in their study of the effect of illite grain size on K/Ar age dates that a single morphology does not in itself constitute evidence of synchronous growth and that each size fraction age is an average age for a range of grain sizes formed over an interval of time. Furthermore, a model whereby Ostwald ripening of clay minerals occurs (Eberl et al., 1990) requires that the coarser grain sizes contain the most recently precipitated material. Interpretations of the pattern of decreasing 6~so with decreasing size fraction in the Magnus samples will depend on the clay growth model, therefore, and could include mineral formation at constant temperature with pore water 6t80 evolving in a more positive direction, or increasing temperature during illite growth as would be expected in a subsiding basin. As a result, measured stable isotope ratios (~sO, 8D) likely represent an average for each particular size fraction. We note, however, that pore water evolution within a basin is expected to result in an increase in fluid b~sO at relatively constant fluid 6D (Egeberg and Aagaard, 1989 ). Clay mineral growth over an extended time interval from such isotopically evolving pore fluid would not then result in a strong 6180-6D correlation for the clays, and yet such correlation is observed in this study. Therefore, we consider that pore fluid 6~sO evolution and clay mineral ~ao variations with grain size are of secondary importance compared to processes responsible for establishing the strong overall correlations discussed herein.
The 6D data are, in general, more negative than those reported by Glasmann et aL (1989) from Heather Field, and also lower than unpublished SURRC data from a number of other northern North Sea fields. We know of no other case in the North Sea for which there are such strong correlations of clay minerals 6~sO-rD values. Given the recognised ease of hydrogen isotope exchange relative to oxygen isotope exchange for clay minerals (see e.g., O'Neil and Kharaka, 1976; Wilson et al., 1987) , it would be surprising if post-formation isotopic exchange had affected kaolinite and illite in Magnus sands and yet maintained a linear relationship between ~sO and ~D in the case of each mineral, For these reasons, therefore, we hypothesise that the measured b~80 and bD are the original isotopic compositions imprinted during clay mineral formation. We investigate in the next section the implications for the isotopic regime of the pore fluids from which the authigenic clays precipitated.
INTERPRETATION
It is apparent from the magnitude and temperature dependence of the mineral-water isotope fractionation factors (a ts and a D) that differences in the 8180 and 5D values generated by clay minerals formed at different temperatures from a single water will lead to inverse co-variation of 6180 with ~D, and that d(~D)/d(~t80) -1.7. This point is illustrated by the A-lines (A~ and AK) in Figure 3 . The correlations of measured stable isotopic compositions in Figure 3 are, by contrast, positively correlated and d(rD)/d(b~80) ~ +6.0. We suggest, therefore, that the isotopic variations observed have been caused by variations in the 5tsO and ~D values of the pore fluid. Formation at a single temperature of clay mineral growth would yield the observed positive correlation of isotope values. As a first approximation, we will assume that the temperature was constant and adopt the values of 80~ for kaolinite and 100~ for illite proposed by Macaulay et al. (1992b) ; see also Emery et al. (1990b) .
Ifa clay mineral (subscript m) and a water (subscript w) form in isotopic equilibrium, then it follows from the definition of the isotope fractionation factor ~ (see, e.g., O'Neil, 1986 ) that:
and:
Furthermore, if empirically there is a linear relationship between b~8Om and 8Din of the form:
6D m = prl8Om + q then it follows that the relationship between 6~80 w and 5~8Ow is given by:
In the special case when the temperature is constant, so are a is and c~ D such that Eq. 4, which represents the locus of formation waters in O~sO-5D space, is a straight line of gradient pa~S/aD and intercept
Using the Savin and Lee (1988) values of a TM and a D for kaolinite at 80~ and illite at 100~ leads for Magnus clay minerals to the model water lines:
Kaolinite: ~Dw = 6.3 ~18Ow -45
Illite: ~Dw = 6.1 6~8Ow -57.
It must be noted that temperature estimates and stable isotope fractionation factors are not well constrained. Therefore, given likely uncertainties in precision and accuracy of the input to the model, we take these lines to be indistinguishable and so propose that the Magnus Sandstone basinal fluids during clay mineral growth in late diagenesis can be represented in the model by: 6Dw = 6.2 618Ow -50.
This conclusion of the model has attractive features. For example, formation waters in many basins worldwide are observed to plot in reasonably well-defined regions of6180 -6D space with a characteristic d(rD)/ d(6180) of less than +8, exhibited as a shift to the right of the meteoric water line (cf. the review of Sheppard, 1986) . However, it is also noted that the data envelope of a given basin intersects the meteoric water line at a (6180, 6D) characteristic of the basin's latitude. This has been interpreted as identifying a meteoric water endmember in a mixing process. In Figure 3 the line 6D, = 6.2 618Ow -50 has been plotted as line segment PQ. The intersection of the extrapolation of this line with the present-day meteoric water line would occur at 6180 = -33.3%0, 6D = -257%0. This is totally unreasonable for any meteoric fluid likely to have had access to the East Shetland Basin since the Jurassic. An unmodified meteoric water is, therefore, ruled out as one endmember component in the generation of PQ by mixing. Might PQ then represent a mixing line between endmembers at P and Q which have isotopic compositions consistent with the geological history and geochemical evolution of the sandstone? We suggest that P which is (+4, -24) can reasonably represent an approximation to present-day formation waters in the Magnus Sandstone. Published isotopic compositions of identified formation waters from the U.K. sector of the North Sea are sparse. From a compilation of B.P. data in Aplin et al. (1992) , likely values for Magnus can be estimated as between +2 and +3%. Coleman (1992) has demonstrated that for another North Sea reservoir there is a linear mixing line of negative slope between endmembers representing palaeo-formation water at (-1.8, -15) and present-day water-zone (aquifer) fluid at (+ 1.5, -32). In Figure 3 we have somewhat arbitrarily plotted the putative Magnus formation water that gave rise to model endmember P as FW at (+2, -20) . It is, however, endmember Q at (-4, -76 ) that highlights the serious problems inherent in the model. Accepting an important contribution of Cretaceous meteoric water with 6180 ~ -6 to -70o to the formation fluid at the time of clay mineral precipitation, and allowing for 6180 increase through oxygen isotope exchange during water-rock interaction (Egeberg and Aagaard, 1989) , then a 618Ow of -4%0 seems not unrealistic. However, 6D = -76%o constitutes a significant depletion in deuterium relative to predicted Cretaceous meteoric water which perhaps had 6D = -45 _ 10%o and effective mechanisms of producing a lower ~Dw during waterrock interaction (whilst preserving a linear 6180-6D relationship) are not readily apparent.
We note that estimates for the isotopic composition of meteoric water on top of the 2 km elevation of plateau basalts in the Hebrides, west of Scotland, during the Tertiary are (-12, -86) (see Forester and Taylor, 1977; Fallick et al., 1985) . However, problems arising are that the Magnus Sandstone is considered to have been inaccessible to Tertiary meteoric fluids, the oxygen isotope shift becomes excessive, and the new problem of a net hydrogen isotope enrichment of 10% appears. The dilemma which the above model poses, therefore, is that either this unlikely scenario pertains (perhaps with an original meteoric fluid of 6180 -10%o, 6D ~ -80%0 evolving towards Q), or there is a mechanism of lowering 6D which has not been considered here (see, e.g., the Sheppard, 1986 , discussion of "organic waters" --but how is the 6180-6D linear relationship maintained?). A third option, of course, is that the model is incorrect either because of a faulty assumption or poor logic. Second, such relationships are unlikely to represent formation from a single fluid over a range of temperatures. They are much more consistent with near isothermal (within reasonable error, say _+ 10~ clay mineral growth from porefluids of variable isotopic compositions (618Ow, 6Dw). Assuming temperatures of 80~ for late kaolinite precipitation and 100~ for illite, consistent with burial history and the general diagenetic sequence (Macaulay et al. 1992a (Macaulay et al. , 1992b , the relationship between modeled porefluid 6180 and 6D is 6Dw = 6.2 618Ow -50.
Third, although the slope of this modeled porefluid 6~80--6D relationship is similar to that seen in many other basins (Sheppard, 1986) , the intersection of the extrapolated fluid line with the present-day meteoric water line does not give a likely endmember for mixing: It is too isotopically depleted in both 6180 and 6D.
And last, if the modeled formation water line is considered as a mixing line, it has minimum endmember compositions at around 6180 ~ +4, 6D ~ -24%00 (P) and 6180 ~ --4oo, 6D ~ -76%0 (Q). Although the first of these, viz P, is not wholly inconsistent with reasonable estimates of Magnus Sandstone present-day formation waters, and the 6180 of the second, viz Q, is reconcilable with evolved Cretaceous meteoric fluid, the corresponding ~D value of Q is difficult to understand on the basis of the model presented. It is conceivable that our understanding of the accessibility of the sandstone to later fluids is wrong, and/or that other processes, not considered here, may have affected hydrogen isotope values. Additionally, there may be flaws in the model presented.
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